The virally encoded site-specific recombinase Int collaborates with its accessory DNA bending proteins IHF, Xis, and Fis to assemble two distinct, very large, nucleoprotein complexes that carry out either integrative or excisive recombination along regulated and essentially unidirectional pathways. The core of each complex consists of a tetramer of Integrase protein (Int), which is a heterobivalent DNA binding protein that binds and bridges a core-type DNA site (where strand cleavage and ligation are executed), and a distal arm-type site, that is brought within range by one or more DNA bending proteins. The recent determination of the patterns of these Int bridges has made it possible to think realistically about the global architecture of the recombinogenic complexes. Here, we combined the previously determined Int bridging patterns with in-gel FRET experiments and in silico modeling to characterize and differentiate the two 400-kDa multiprotein Holiday junction recombination intermediates formed during λ integration and excision. The results lead to architectural models that explain how integration and excision are regulated in λ site-specific recombination. Our confidence in the basic features of these architectures is based on the redundancy and self-consistency of the underlying data from two very different experimental approaches to establish bridging interactions, a set of strategic intracomplex distances from FRET experiments, and the model's ability to explain key aspects of the integrative and excisive recombination pathways, such as topological changes, the mechanism of capturing attB, and the features of asymmetry and flexibility within the complexes.
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regulation of directionality | topology | recombinogenic architectures | molecular machines H igh-precision DNA transactions responsible for a variety of fundamental processes are typically promoted and modulated by large multiprotein machines that use cooperative interactions and involve DNA bending and/or wrapping. One well-studied example is the tightly regulated and highly directional site-specific recombination by which bacteriophage λ inserts and excises its DNA into and out of the Escherichia coli host chromosome, using the phage attP and the bacterial attB DNA sequences for integration and the resulting junction sequences, attL and attR, for excision. These reactions are catalyzed by the phage-encoded Integrase protein (Int), the founding member of the tyrosine recombinase family of site-specific recombinases (1) . In addition to mediating integration and excision of viral genomes, members of this family function in a variety of other cellular processes including chromosome segregation, gene regulation, and conjugative transposition (2) .
Int has three well-characterized domains: an N-terminal DNA-binding domain (NTD), a central core-binding domain (CB), and a C-terminal catalytic domain (CAT). The CB and CAT domains (referred to here as the CTD) are together responsible for binding to the core-type DNA sequences where strand exchange and ligation take place. The NTD binds with high affinity to arm-type sites that are located 40-120 bp from the core sites. As summarized in Fig. 1 , Int is a heterobivalent DNA-binding protein that depends on three accessory DNA bending proteins (IHF, integration host factor; Xis, excision factor; and Fis, factor for inversion stimulation) to bridge between distinct DNA-binding elements and thereby execute the regulated directionality of integrative and excisive recombination. Some tyrosine recombinases, such as Cre and Flp, have only the CB and CAT domains. These enzymes carry out unregulated recombination between 34-bp core sites using a strand exchange mechanism that is shared by Int and other family members. The key intermediate in this pathway is a four-way Holliday junction (HJ) that is formed following cleavage and exchange of one pair of strands between the two recombining sites. Resolution of the HJ intermediate by cleavage and exchange of the second pair of strands completes the recombination reaction (3, 4) .
The structure of Int and the details of its interactions with DNA have been determined from a variety of NMR and crystal structures (5) (6) (7) (8) . In addition, NMR and/or crystal structures of IHF (9), Xis (10-13), and Fis (11, 14, 15) have provided structural models for the accessory proteins and their corresponding DNA complexes. When combined with the large body of genetic and biochemical analyses that have been performed in these systems, the structural data have revealed how DNA bending by the accessory proteins could facilitate Int bridging between the Significance Despite a vast array of genetic, biochemical, and structural data, there have not been any panoptic investigations designed to generate structural models for the large complexes responsible for λ Integrase protein (Int)-dependent site-specific recombination. Such ambitions, however, have been recently enabled by our maps of the bridges formed by heterobivalent Int protomers as they bind to core-and arm-type DNA sites in each recombinogenic complex. Using in-gel FRET on trapped Holliday junction recombination intermediates and in silico modeling, we characterize and differentiate the 400-kDa recombination intermediates formed during λ integrative and excisive recombination. The architectural models are robust; they explain how integrative and excisive site-specific recombination are regulated, and they gratifyingly account for key aspects of both pathways.
core-and arm-type DNA binding sites. However, despite these efforts, there are still no structural models available for the recombinogenic complexes formed in either pathway that are able to explain the vast body of data that exists for the λ Integrase system. The primary limitation has been a lack of understanding of which core-type sites are bridged to which armtype sites by Int. In the companion paper (16), we identified these Int bridges for both the integrative and excisive recombination pathways (Fig. 1) . Here, we combined the Int bridging data with in-gel FRET experiments and in silico modeling to characterize and differentiate the two 400-kDa multiprotein HJ recombination intermediates formed during λ integration and excision. The results lead to architectural models that explain how integration and excision are regulated in λ site-specific recombination.
Results
Trapped HJ Recombination Intermediates for FRET. We efficiently trapped stable HJ complexes as described previously (17, 18) and as implemented in the companion paper (16) . Briefly, the HJs were formed from recombination between attL and attR substrates containing heteroduplex bubbles such that the resulting DNA was fully base paired, but resolution of the junction in either direction was energetically disfavored by heterologies that would result during strand exchange (Fig. 1) . The resulting HJ protein-DNA complexes have been well characterized and shown to be stable both in gels and in solution for more than 24 h at room temperature (16) , in agreement with the coherent FRET results described below. To form the heteroduplex bubble substrates for excisive recombination, we annealed and ligated appropriate combinations of synthetic oligonucleotides (∼40-50 nucleotides long) to generate the 95-to 107-bp attL and the 135-to 145-bp attR substrates. Radioactive labels and fluorescent dyes were incorporated at specified loci of attL and attR, as described in Methods and SI Text.
In-Gel FRET. To facilitate construction of a structural model using the Int bridging patterns determined in the companion paper (16), we used in-gel FRET to determine the apparent distances between several positions within the excisive recombination HJ intermediate complex (19) (20) (21) (22) . The efficiencies of energy transfer between donor and acceptor fluorophores were determined by comparing the extent of donor fluorescence quenching in complexes, either with or without the acceptor, as described previously (20) . In all experiments, fluorescein was the donor and tetramethylrhodamine (TAMRA) was the acceptor. The same 32 P-labeled donor-containing oligonucleotide was used in constructing the plus and minus acceptor att site recombination substrates, as described in Methods. For each dye pair, a reciprocal experiment was performed where the donor and acceptor dye positions were interchanged, thus placing each dye in two different chemical environments. We refer to these as the forward (i→j) and reverse (j→i) measurements, respectively.
To circumvent the difficulties and assumptions involved in calculating the Förster radius (R 0 ) (22-24), we empirically determined R 0 by measuring the in-gel FRET efficiency for a system of known geometry. The crystal structure of IHF complexed with its cognate DNA target, H′, was a useful source of R, because this same complex is an integral structural element in both the integrative and excisive recombination pathways; it has also been the subject of several FRET studies in solution and in gels (19, 25, 26) . We therefore positioned donor and acceptor fluorophores near the two termini of an IHF-induced H′ DNA loop and measured the forward and reverse FRET efficiencies (see Fig. 2 for a typical set of data). An R 0 value of 60.6 Å was then calculated from ensembles of dye conformations generated by molecular dynamics and was used along with the in-gel FRET measurements to derive apparent distances for each of the dye pair positions indicated in Fig. 2 and Table 1 (27) .
Excisive recombination reactions were carried out between attL and attR bubble substrates carrying donor and acceptor fluorophores at the 12 positions indicated in Fig. 2C . A typical set of data is shown in Fig. 2 A and B. To ensure that the dye λ-Int IHF attB attP positions would be at least 4-6 bp from bound proteins, it was necessary in some cases to change the original sequence to T:A (Fig. S1 ). For each such change, the modified att site was tested to verify that no significant reduction in recombination efficiency had resulted. More than 168 FRET measurements were made, including at least 3 measurements from each of the 54 pairwise fluorophore positions to obtain the 27 apparent distances listed in Table 1 . The apparent distances are defined here as the distances between the average dye centers, where the average is taken over an ensemble of dye conformations generated by molecular dynamics. The apparent distances were then used as a guide in model construction, as described below.
Modeling the Excision Complex. Building a model of the λ excision complex from Int bridging data and apparent FRET distances was greatly facilitated by the availability of 3D structures for all of the protein components in their DNA-bound forms (5, 6, 9-11, 13, 28) . After assigning the Int subunit NTD and CTD binding sites based on the observed bridge data (Fig. 1) , a starting model was constructed by splicing the subcomplex components together with idealized DNA fragments while maintaining standard B-form DNA parameters. In most cases, the protein-DNA complexes obtained from crystal structures were treated as rigid bodies. The Int NTDs were modeled rigidly bound to their respective arm sites and were allowed to move independently of their connected CB domains. Consequently, the CB-NTD linker segments were allowed complete flexibility.
The P-(attR) and P'-(attL) arms were positioned by smoothly bending the DNA, using the experimentally determined armcore site bridges and FRET-derived distances as guides. To reduce the number of adjustable parameters involved in modeling, the arms were bent at only a small number of positions. Initial models indicated that the FRET data were more consistent with a HJ isomer poised to cleave the bottom strands of the core sites (i.e., the product isomer) than they were with a top strand cleavage (substrate) isomer. We therefore built and manually adjusted a structural model of the product isomer. To simplify the assignment of DNA strands and to improve visualization of the results, we represented the model as the product synaptic complex rather than the product isomer of the HJ intermediate. At this domain level of modeling, these complexes cannot be distinguished as they differ only by a strand exchange that has occurred in the center of the large multiprotein assembly. As discussed below, the product complex is likely to be only transiently stable due to competition from alternative structures that can maximize formation of intramolecular Int bridges.
Two key features are evident in the model ( Fig. 3 and Movie S1). First, IHF bending of the P'-arm at H' directs the DNA over the CB domains of the Int tetramer. This bend facilitates engagement of the P'1-and P'2-arm sites by the Int subunits bound at the C' and B core sites, respectively, thus forming the observed Int bridges between core-and arm-binding sites. As a result of this wrapping of attL DNA by IHF and Int, the P'-and B-arms form a left-handed crossing in the excision complex.
The second feature of the excision model is the complex path taken by the P-arm of attR. The phasing of the IHF-induced bend at H2 is different from that at H'. At H2, the P-arm is directed along the plane of the catalytic domain tetramer. An A-tract sequence that is stabilized by Fis binding (11, 28) directs the P-arm upward, toward the Int CB domains. The cooperative Xis filament (10, 11) then redirects the P-arm across the top of the Int CB domains, where the P2 site is bound by the Int subunit bound at the B' core site. The Xis subunit bound at X1 resides close to the position where the NTD of the Int subunit bound at the C core site (Int-C) would be expected. We did not attempt to dock the NTD of Int-C in a specific location of the excisive complex model, but it seems plausible, even attractive, that this domain could bind nonspecifically to the P-arm near the X1 site, perhaps interacting with Xis (Fig. 3C) . The overall path of attR DNA in the excision complex model indicates a left-handed, nucleosome-like wrapping by IHF, Fis, Xis, and Int. Thus, the excisive complex model predicts a negative DNA crossing node in attL and left-handed solenoidal wrapping in attR, both of which are consistent with negative supercoiling in the normal substrates.
The excisive complex model shows good overall agreement with the distances from FRET experiments ( Table 1) . As expected, agreement is better for the shorter distances than for the longer ones, which are inherently less certain. We did not refine the model using a target function that optimizes agreement with the FRET-derived distances, because the number of adjustable parameters required to allow complete DNA flexibility is large compared with the number of FRET observations available.
Modeling the Integrative Complex. Based on the new core-arm site bridge data ( Fig. 1) (16) and insights gained from the excisive complex (Fig. 3) , we generated a corresponding model of the integrative complex. In this case, we chose to model the substrate synaptic complex in the integration pathway, where a preassembled attP has captured a naked attB DNA (29) . The resulting integrative model structure is shown in Fig. 4 (Movie S2). As in the excisive complex, IHF bending at the H' site directs the P'-arm over the CB domains of the Int tetramer. In the integrative complex, however, the P'1, P'2, and P'3 binding sites are engaged by the Int subunits bound to C', C, and B', respectively. Considerable flexibility in the linker segments between CB and NTDs is required to facilitate this asymmetric mode of binding. Because Xis is not present in the integrative complex, the P-arm is directed upward, parallel to the Int tetramer. We included Fis in the integrative complex model, because Fis stimulation of integration has also been reported (30, 31) , and we wanted to ensure that our model could sterically accommodate the bound Fis dimer. IHF bound to the H1 site redirects the P-arm back toward the Int tetramer, crossing over the P'-arm in the process. The P1 arm-type site is thereby brought to a position where it can bind the NTD of the Int subunit poised for capture of the B core half-site (Int-B). The integrative model explicitly predicts the formation of a negative DNA-crossing node in the recombination complex, where the P-arm crosses over P'. The model also features an unusual and flexible P-arm tether that positions Int-B for attB binding. (NTD-B) is shown bound at the P1 site, on the flexible P-arm. The CB and catalytic domains of the Int subunit bound at the B site can be seen wrapped around the opposing face of attB, with the interdomain hinge indicated. The CB-NTD linkers were not modeled and are therefore not shown. An animated version of C is available as Movie S2.
Discussion
The architectural models of λ recombinogenic intermediates described here are able to integrate experiments from many laboratories over a number of years. Our confidence in the basic features of these architectures is based on the redundancy and self-consistency of the underlying data from two very different experimental approaches to establish bridging interactions (16), a set of strategic intracomplex distances from FRET experiments, and on the model's ability to explain key aspects of the integrative and excisive recombination pathways. Indeed, the experimental distances (Table 1) provide a powerful set of constraints on the structure of the excisive complex shown in Fig. 3 .
Basis for Directionality in λ Site-Specific Recombination. In both the integrative and excisive recombination reactions, the top strands of the core sites are exchanged first to form the HJ intermediate (32, 33) . The source of this strong bias is evident from our models (Figs. 3 and 4 and Figs. S2 and S3) . During excisive recombination, both attL and attR are bent at their core sites to promote the bridging interactions that form between core and arm binding sites. The core site bend directions that lead to stable complexes are coupled to IHF-induced bends and commit both attL and attR to top strand cleavage on synapsis of the sites. Similarly, only one bend direction of the attP core site will lead to stable bridging interactions between C/C' core sites and P'1/P'2-arm sites. This direction commits attP to top strand cleavage in the synaptic complex with attB. Thus, the order of strand exchange in both pathways is determined before synapsis by formation of specific attL, attR, and attP complexes (34) .
The requirement for Xis to stimulate excision is a hallmark of λ site-specific recombination (35, 36) . We can now understand the specific role of Xis in this context (Fig. S3A) . In the absence of Xis, the P-arm would not be directed across the top of the Int CTDs to make the observed P2-B′ bridge. Consequently the P-arm would not be properly positioned to stabilize a synapsiscompetent attR. Because Xis also promotes cooperative binding of Int at P2 (37) (38) (39) , it seems likely that only low-affinity Int-attR interactions would be possible in its absence.
Our excision complex model also explains why the excision reaction is not run efficiently in reverse to perform integration once attB is released (Fig. S3B) . The resulting attP complex contains only one intramolecular Int bridge and is therefore unlikely to be stable. However, an alternative configuration can readily form, where the attP core site bends in the opposite direction and facilitates stable engagement of P'1 and P'2 by the Int subunits bound at C' and C. Thus, formation of a stable attPspecific subcomplex with intramolecular Int bridges is both a key component of the integrative pathway and a driving force that prevents excision from being run in reverse to reintegrate the phage DNA. It is also evident why integration should be inhibited in the presence of Xis, which inhibits the binding of IHF to H1 (40) ; as seen in Fig. S3C , this would prevent the upward trajectory of the P-arm and the proper positioning of the critical P1 site. The models thus nicely explain how the dramatically different roles of the P-arm in integrative vs. excisive recombination provide the basis for an effective directionality switch that depends upon the presence or absence of Xis.
Topological Changes During λ Site-Specific Recombination. Another important test of the structural models shown in Figs. 3 and 4 involves changes in topology that occur when integrative and excisive recombination are carried out within the same circular DNA molecule. Excisive recombination between directly repeated attL and attR sites results in a large fraction of free circles when supercoiling levels are low, similar to that observed for the Cre and Flp recombinases (41) . Integrative recombination between directly repeated attP and attB sites results in catenated circles for supercoiled substrates, implying that the recombination process itself imposes a strand crossing (41) (42) (43) . In both cases, our models predict the correct topological products (Fig. S4 ) and explain many of the findings reported by Crisona et al. (41) in their topological analysis of λ recombination ( Fig. S4 and SI Text) . Furthermore, the tightly wrapped nature of the integrative complex model and the inclusion of a negative DNA crossing node are consistent with, and may explain in part, the requirement for negative supercoiling for efficient integration (29) .
Mechanism for Capturing the Host attB Site. Int bound to a core site resembles a C-clamp, where the catalytic and CB domains wrap around and engage opposite faces of the DNA duplex (5). Because the attB core-type sites are arranged as imperfect inverted repeats (i.e., attB has pseudo-dyad symmetry), the openings of the bound Integrase C-clamps face in opposite directions. This structural arrangement implies that an Int tetramer in the integrative attP complex cannot form a static binding surface onto which attB can dock by simple collision. One of the Int subunits-the one destined to bind the B core site of attB-must have the flexibility to wrap around the host chromosome from the opposite face (Fig. 4C) .
The integrative complex model shown in Fig. 4 has an inherently flexible P-arm that tethers the Int-B subunit. We suggest that this flexibility is functionally important because it allows for the dynamic binding required to engage the bacterial chromosome and ultimately lock onto the attB sequence. This model is also consistent with, and explains, a difference between the two kinds of Int bridging experiments reported in the companion paper (16) . Whereas chemical cross-linking of the P1-B Int bridge was the most robust of all of the Int bridges, in the genetic analyses, the P1-B Int bridge was the weakest, precisely the difference expected for a flexible arm.
Asymmetry and Flexibility in λ Recombinogenic Architectures. Both the excisive and integrative complex models feature highly asymmetric arrangements of the NTDs, quite unlike the symmetric and tightly packed NTD organization observed in crystal structures of Int tetramers bound to arm site DNA duplexes (6) . In the crystal structures, the domains are swapped, with the NTD of one Int subunit located above the CB domain of an adjacent Int. In contrast, the NTD organization implied by the newly available core-arm bridging data for the excisive and integrative complexes requires considerable flexibility in the CB-NTD linkers and is incompatible with domain-swapped NTDs. Tellingly, the asymmetric complexes described here, unlike the symmetric arrangement in the smaller complexes designed for crystallization, are consistent with biotin-interference mapping of complete recombination reactions (44) .
In addition to providing mechanistic insight into the recombination pathways mediated by λ-Integrase, this work lays an important foundation for future studies. One of the limitations in the design of experiments to understand regulated directionality in the λ integration and excision reactions has historically been a lack of 3D models from which to formulate hypotheses. The experiments and architectures presented here provide this missing element, establishing a molecular framework that could inform many genetic regulatory systems that exist throughout prokaryotic and eukaryotic biology.
Methods
Proteins, Oligonucleotides, and Recombination Conditions. Proteins (Int, IHF, Xis, and Fis) were purified, oligonucleotides were prepared, and recombination reactions were carried out as described in SI Text and ref. 16 .
In-Gel FRET Measurements. Following recombination and electrophoresis of the HJ product in 5% (wt/vol) native polyacrylamide gels (8 V/cm for 90-120 min), the gels were scanned on a Typhoon 9410 laser scanner, where the donor fluorescence was measured in the presence and absence of acceptor. The amount of HJ complex in the plus and minus acceptor lanes was determined from the amount of 32 P radioisotope (labeled on the fluorescein-containing strand) in the complex using a BAS-2500 phosphorimager (GE-Fujifilm). See SI Text and ref. 17 for more details.
Modeling Fluorophore Positions. To obtain a distribution of fluorophore positions within an accessible volume, 100 independent simulated annealing dynamics runs were performed in the context of a fixed DNA duplex using CNS (45) as previously described (45, 46) . The average dye position was taken as the average position of the spiro atom (C24) in the lactam form of the dye and fixed rigidly to each of the sites in Table 1 . Separate dynamics calculations were performed in the presence of bound proteins for the dyes at positions P+17B, P+50T, and P+58B of attP (Fig. S1) , where Fis and/or IHF could potentially restrict the accessible volumes of the dyes (see SI Text for additional details).
Empirical Estimation of R 0 . An independent set of in-gel FRET efficiencies measured for IHF bound to an H'-containing DNA fragment, with fluorophores located at P+17B and P+50T, yielded an average efficiency of 0.715 for forward and reverse experiments. Fluorophore distributions for these positions were based on dynamics runs using the IHF/H' crystal structure with extended DNA arms as a fixed template. R 0 was then calculated from the measured FRET efficiency as described in SI Text.
General DNA Modeling. DNA segments were joined by superimposing the flanking duplexes on an idealized B-DNA splint fragment, with an overlap of 3-6 bp on each side. This method ensured smooth continuity of helicoidal parameters, particularly the DNA twist. DNA segments were extended by superposition of an idealized DNA helical fragment of the appropriate length, using a similar overlap. The phosphate backbones of joined and extended segments were further regularized to correct small deformations in the fusion joints by positional refinement in CNS (47) , where C1' (DNA) and C α (protein) atoms were restrained to maintain their original positions. Smooth bends in the P-and P'-arms were imposed by distributing a negative or positive roll over several base pairs centered at the desired bend location. Small changes in bending and torsion of IHF/DNA complexes were made by rotating the DNA duplexes about the existing kinks (in-plane) or rotating the DNA arms about an axis connecting the two kink positions (torsion). Details of the model construction are provided in SI Text.
